Molecular weights of macrolide antibiotics can be determined from either (M + H)+ or (M + Met)+, the latter desorbed from alkali metal salt-saturated matrices. The ion chemistry of macrolides, as determined by tandem mass spectrometry (MSjMS), is different for ions produced as metallated than those formed as (M + H)+ species. An explanation for these differences is the location of the charge. For protonated species, the charge is most likely situated on a functional group with high proton affinity, such as the dimethylamino group of the amino sugar. The alkali metal ion, however, is bonded to the highly oxygenated aglycone. As a result, the collision-activated dissociation spectra of protonated macrolides are simple with readily identifiable fragment ions in both the high and low mass regions but no fragments in the middle mass range. In contrast, the cationized species give complex spectra with many abundant ions, most of which are located in the high mass range. The complementary nature of the fragmentation of these two species recommends the study of both by MSjMS when determining the structure or confirming the identity of these biomaterials. (J Am Soc Mass Spectrom 1994,5,151-158) e macrolides are a class of antibiotics that consist of 12-, 14-, or 16-membered lactone aglycones with one or more pendant sugars, at least one of which is usually an amino sugar (structures 1, 2, 3, and 4) [1] . Erythromycin A is probably the most well-known member of this class as it is the drug of choice for treatment of upper and lower respiratory tract infections and mycoplasma pneumonia [2] . All macrolides exhibit strong activity against gram-positive bacteria and mycoplasma by inhibiting protein synthesis in the target organism [3] .
e macrolides are a class of antibiotics that consist of 12-, 14-, or 16-membered lactone aglycones with one or more pendant sugars, at least one of which is usually an amino sugar (structures 1, 2, 3, and 4) [1] . Erythromycin A is probably the most well-known member of this class as it is the drug of choice for treatment of upper and lower respiratory tract infections and mycoplasma pneumonia [2] . All macrolides exhibit strong activity against gram-positive bacteria and mycoplasma by inhibiting protein synthesis in the target organism [3] .
Mass spectrometric techniques such as electron ionization (preceded by sample derivatization) [4] , laser desorption [5] , chemical ionization [6] , and fast-atom bombardment (FAB) [7] have been used to determine macrolide antibiotics. Determination of macrolides by FAB is not sensitive because the hydrophilic nature of the pendant sugars limits the surface activity of these and other glycosidic compounds [8] in polar matrices. For carbohydrates in general, addition of a nonpolar chain [9] as well as selection of an appropriate matrix [10] can serve to increase the sputtering efficiency.
Pramanik et al. [11] reported enhanced abundances of molecular species by the addition of alkali salts to FAB matrices. Aduru and Chait [12] also reported that the sodium-cationized species of oligosaccharides and glycoconjugates dominate the spectrum generated by 252Cf plasma desorption when sodium chloride was added to the sample. Spectra obtained without added sodium chloride show no molecular ions and are dominated by fragment ions. The formation of cationized permethylated monosaccharides upon FAB [13] was also reported. Structural information can be obtained by collisional activation of the metallated species of disaccharides and oligosaccharides [14, 15] , permethylated oligosaccharides [16] , and glycosides [17] . Structural studies are also informative for alkali-metalcationized fatty acids [18] , alkali-metal-cationized peptides [19] and fatty acid esters [20] , alkalineearth-metal-cationized peptides [21] , and triterpenoids [22] by using collisional activation. Rollgen et a1. [23] first observed structurally informative differences between the decompositions of the (M + Li)" and (M + H)+ species of small alcohols, aldehydes, and ketones, and a detailed picture of metal ions in mass spectrometry can be found in a recent review [24] .
In this article we explore the effects of different matrices on the FAB mass spectrum of eight macrolide antibiotics. Several matrices along with their alkalimetal-salt-saturated counterparts were used to demonstrate a method for verification of the molecular weights of the antibiotics. More important, the fragmentations of the cationized species (M + Met) + (where Met refers to the metal species) were found to be significantly different from those of (M + H) +. These differences motivated an investigation of the opportunities for determining structure by collisional activation of both the (M + H)+, and (M + Met)+ ions. The emphasis of this study then is those differences and their implications with respect to metal-ion interactions with large, multifunctional molecules.
Experimental
Eight different macrolide antibiotics were studied by using FAB and tandem mass spectrometry (MS/MS). The instrument is equipped with a cesium ion gun that was operated at 25 kV to desorb the antibiotics by the liquid secondary ion mass spectrometry method. Collisional activation experiments were performed with an accelerating voltage of 8 kV and with the collision cell floated at 4 kV. Helium was used as the collision gas and was added to the collision cell at a level that suppressed the selected ion beam by approximately 80%. This suppression level yields optimal structural information while maintaining the necessary sensitivity. The ion of interest was selected at a resolution of 1000 (10% valley definition) by MS-I. MS-II was operated with object and image slits closed sufficiently so that the final slit was fully illuminated, giving a slight rounding of the shoulders of the ion signal, to maximize ion transmission. The instrument calibration in the MSIMS mode identified calibrant peaks to an accuracy of ± 0.2 u.
The other instrument was a Kratos MS-50 triple analyzer (Kratos Analytical, Manchester, UK), which was described previously [26] . Ions were desorbed by bombardment with 6-keV argon atoms. The collisionactivated dissociation (CAD) spectra are nearly identical to those taken with the ZAB-T except the resolution is poorer and there is some discrimination against low mass ions.
Results and Discussion

FAB Mass Spectra
The macrolide antibiotics were desorbed as protonated, (M + H)+, and cationized, (M + Li)", (M + Na)+, (M + K)+, species, and full mass spectra were acquired primarily to verify molecular weights. The matrix that gives satisfactory abundances of both molecular ions and fragments is OTTIDTE or OTT/ DTE saturated with the appropriate alkali metal salt. Fragment ion abundances are less when 3-NBA or its salt solution is used as a matrix, but molecular ion abundances are comparable to those observed when DTT/DTE is used. Matrices such as triethanolamine (TEA) or hexafluorobutyric acid (HFBA) give poor results, and (M + H)+ ions are of low abundance, although desorption from alkali metal salt-saturated TEA yields adequate quantities of (M + Met)+. Generally, the abundance of (M + Met)" species is somewhat greater when produced from the alkali-metalcationized antibiotic than that of (M + H)+ ions from matrices containing no salt. Similar observations were made recently by Aduru and Chait [12] .
The results of experiments to determine the analytical detection limit of macrolides by using FAS mass spectrometry and 3-NBA as a matrix indicate that a I-pmol sample is sufficient to give a molecular (M + H)+ ion for Single ion monitoring. By using a Lpmol sample of erythromycin A, La, a signal-to-noise ratio (SIN) of 20 was achieved. Reducing the analyte concentration to 0.1 pmol lowers the SIN to approximately 2:1. Detection limits of 1-10 pmol are typical for oligosaccharides in polar matrices [27] . Similar results were achieved for (M + Met)+ species upon FAR
CAD Mass Spectra: Determination of Optimal Collisional Activation Conditions
The CAD spectra of erythromycin A, Ia, the most familiar of the macrolide antibiotics (structure 1), yield information about the structure of the protonated molecule, but high levels (50-80%) of collisional activation are required to generate sufficient fragmentation for identification purposes (Figure 1 ). Metastable ion decompositions of (erythromycin A + H)+ generate abundant high mass ions that result from elimination of water and detachment, accompanied by hydrogen transfer, of the nonamino sugar, cladinose, from the C-3 position, but fragment ions in the low mass range are nearly nonexistent. Low mass ions are observed, however, as the number of collisions accompanying activation increases. Most prominent is the amino sugar fragment. To obtain the most structurally complete data, sufficient helium must be added to suppress the [M + H]+ by 50-80%.
Structure Determination By Using Collisional Activation
The chemistry observed upon the collisional activation of the protonated or metallated forms of 1, 2,3, and 4 is general even though the aglycone portions of the molecules are different. Most of the fragmentation is centered at the sugar components of the molecules, either as elimination of portions of the sugars or as production of fragments for which the charge is retained by the sugar. There are, however, distinct differences in the fragmentation processes that protonated and metallated antibiotics undergo upon colli- were acquired with a three sector tandem mass spectrometer. Spectra A, B, C, and D were taken after 0%, 20%, 50%, and 80% precursor beam suppression, respectively. sional activation. We wish to highlight these differences.
The antibiotics studied contain from one to three saccharide units, at least one of which is an amino sugar. These saccharides are attached to the aglycone to give a variety of structure classes of antibiotics: containing one saccharide unit, containing two individual saccharide units individually attached to the aglycone ring, containing a disaccharide unit, containing three saccharide units individually attached to the aglycone, or containing a disaccharide and a monosaccharide. To illustrate the chemistry observed upon collisional activation, the data are presented for compounds in increasing order of saccharide complexity.
The simplest CAD spectrum for this series of compounds is that of protonated rosaramicin, 2 (see Figure  2 ). With only one pendant saccharide entity, rosaramicin does not have many channels for decomposition and, thus, primarily gives protonated dehydro des- The predominant fragmentations of (M + Na)" indicate that the likely location of the sodium ion is on the aglycone. Neutral fragments of the saccharide, the saccharides themselves, and portions of the macrocycle are eliminated, leaving the sodium attached to the remaining structure. Only the low abundance ion of m/z 196 indicates any sodium ion interaction at the saccharide. With the metal ion locked into position on the aglycone entity, fragmentations occur remote to the charge site [28] . A contrasting observation was made for the (M + Na)+ species of steroid glycosides: The sodium cation attaches to the aglycone when one sugar is present, but on a saccharide when the steroid glycoside has more than one saccharide [17] .
Antibiotics Containing Two Saccharide Units
The principal process that occurs upon CA of the protonated erythromycin A, ta, (Figure 3 The spectra were obtained with a four sector tandem mass spectrometer. Explanations for the location of the proton and metal ions are given in the text. tively. According to the proposed nomenclature [29] , the C ion designation is a shortened version of C + 2H.
Abiding by the proposed nomenclature, we assign the C ion as that of mlz 176 whereas the more abundant mrz 174 ion is a C -2H ion. The C -2H is more abundant than C for amino sugars because the protonation has presumably occurred at the amine and cleavage follows as a charge-remote H-transfer from the amino sugar to the departing neutral macrolide.
The 0,2A ion of mlz 116 is formed either in a one-step process from (M + H)+ or in a two-step elimination of C 2H 2 0 from the mlz 158 ion (or C 2H 2 0 2 from the mlz 174 ion). Analogous results were obtained upon chemical ionization of other macrolide antibiotics [13] . Eliminations of small molecules from the backbone of the aglycone ring or from the framework of either sugar species do not occur to any measurable extent.
One of the most significant fragment ions produced by decomposition of (erythromycin A + K)+ in the source or upon collisional activation is that of mlz 643, generated via loss of 129 u. Peak-matching experiments were performed on the source-produced fragment, at a mass resolution of greater than 30 showing similar ion abundances and suggesting metalindependent fragmentation. Rollgsn et a1. [30J obtained analogous results for cationized monosaccharides and first suggested that high energy CAD for such species is independent of the identity of the metal ion. Others, however, report small differences that depend on the size of the alkali metal, but the glycosides studied do not contain a macrocycle as an aglycone [17, 24J. The macrocycle may be sufficiently large to coordinate strongly K+ as well as Na + and Li ". Tables 1 and 2 . The protonated macrolides decompose similarly as protonated erythromycin A and give simple CAD mass spectra; most of the fragment ions are of low mass and characteristic of the amino sugar. The data support tight location of the charge on an amino sugar. The (M + Met)" species of the macrolides fragment in a similar manner as that of cationized erythromycin A; that is, many abundant fragments are clustered in the high mass region of their CAD spectra. These arise from cleavages around the glycosidic bonds to eliminate the saccharides; the metallated aglycone ring remains intact. Often, the only low mass ion is the alkali metal itself.
Antibiotics Containing Three Saccharide Units
Two of the macrolide antibiotics studied here contain three saccharide units. Megalomicin A has the same structure as megalalosamine but with an additional neutral sugar, mycarose, at C-3 of the aglycone ring (see structure Ie glycosidic bond to eliminate a mycarose entity and form the ion of mj z 772.
Upon collisional activation of (tylosin + K)+ (see tion of one saccharide (products from mjz 700 to 850), elimination of two saccharides (products from rnjz 550 to 700), and elimination of all the saccharide units (products below rnjz 450). In addition to the ions identified in the fragmentation scheme, those of rnjz 577 and 372 are also structurally important. They identify the presence of the aldehyde side <chain at C-6 and result from the elimination of the elements of ketene 
Conclusions
In summary, the results obtained here point to generalities about the ion chemistry of macrolide antibiotics. Metallated species fragment in a way that is consistent with an alkali-metal interaction at the aglycone, whereas the protonated species undergo fragmentations remote from the protonated site on an amino sugar. The results establish the advantages of obtaining CAD spectra of both species when the goal is determining the structure or identifying these types of biomaterials.
The macrolide antibiotics also illustrate the need for unit resolution and correct mass assignments in MS/MS. In the case of erythromycin A, for example, the saccharides c1adinose and desosamine differ in mass by only 1 u. In addition, cleavages at the glycosidic bond occur with hydrogen transfer to either the sugar or the aglycone, resulting in two ions of 2-u difference. These two factors result in clusters of four ions differing by 1 u in the CAD spectra of the metallated species of erythromycin A. Determination of fragmentation mechanisms clearly requires unit mass resolving power.
